Abstract-This paper proposes a joint adaptive rate selection and power control algorithm for broadband TDMA/TDM wireless networks. The proposed algorithm is a modified, enhanced, and more robust version of the Selective Power Control with Active Link Protection (SPC-ALP) algorithm proposed for adaptive transmission rate and power control in CDMA networks [1]. Unlike SPC-ALP, the proposed algorithm uses adaptive coding and modulation (instead of variable spreading gain) for transmission rate control. In addition, the proposed algorithm is different in two aspects; the first one is the inclusion of the cochannel interferer assistance mode, while the second one is the use of the signal quality as a criterion for user removal. Results show that the proposed algorithm outperforms SPC-ALP in terms of the net throughput and signal quality measures such as the outage probability and frame error rate. Channel reallocation is also studied and found to be very effective in enhancing the system performance particularly at low to medium loading.
I. INTRODUCTION
There is a growing demand for broadband access due to the increasing popularity of the Internet and multimedia services. There are various competing technologies for broadband access networks, namely, xDSL, optical fibre, cable modems, and broadband wireless access. The latter has attracted more attention because of its fast and easy deployment, low installation cost, and scalable roll out plans. However, radio resources must be efficiently managed to provide high transmission rate (10 Mb/s or more) with a good quality of service (QoS) despite the wireless propagation impairments such as shadowing, multipath fading, and interference.
Adaptive resource allocation is one of the most effective techniques for QoS provisioning in wireless networks. Adaptive power control has been employed in 2G and 3G cellular systems for combating channel impairments and enhancing the signal quality. Power control and transmission rate allocation is a constrained optimization problem with an objective of maximizing the throughput subject to some constraints such as maximum power level and/or maximum outage probability. This problem has been addressed in [2] for CDMA systems. The algorithm given in [2] , Selective Power Control (SPC), has been proposed as an efficient technique for power control and transmission rate selection. In CDMA systems, the transmission rate is adapted by changing the spreading gain. Although SPC is effective in maximizing the system throughput, it doesn't protect the active users from the signal quality degradation due to the arrival of new users or large power step-up from users seeking higher transmission rate. Kim et al. [1] have proposed a more robust algorithm by combining SPC technique with an admission and signal quality control scheme called Active Link Protection (ALP) [3] . With ALP, power step-up of both new users and those seeking higher transmission rate is limited by a small step size value (δ >1).
Adaptive coding and modulation techniques have been proposed for maximizing the system throughput by adapting the modulation level and the coding rate to the channel conditions, e.g. [4] [5] [6] . Combining adaptive coding and modulation techniques with power control in one joint algorithm in broadband TDMA/TDM wireless access networks is the main topic of this paper. We have adopted the same approach of SPC-ALP for the transmission rate selection and power control, but with the use of adaptive coding and modulation instead of variable spreading gain. The proposed algorithm has two main modifications; the first one is the inclusion of cochannel-interferer assistance, while the second is the signal quality-based removal. The performance of the proposed algorithm has been analyzed and compared with that of SPC-ALP in broadband fixed wireless network environment. Throughout the rest of this paper, the proposed algorithm is denoted SPC-ALP with Assistance and Signal Quality-based Removal (SCP-ALP-ASQR). We have also studied the impact of channel reallocation on the performance of both algorithms (SPC-ALP and SPC-ALP-ASQR). The rest of this paper is organized as follows: In the next section, the system model and main assumptions are presented. The proposed algorithm is explained in section III. Then, the results are provided in section IV. Finally, the conclusions and future work are given in section V.
II. SYSTEM MODEL A hexagonal cellular structure is considered in this study. Each cell is divided into 6 sectors. Thus, an ideal beam pattern with a 60 o -beamwidth, main lobe gain of 20 dB, and side lobe gain of 0 dB is used at the basestation (BS). Similarly, Subscriber Stations (SSs) have directional antennas with a 60 o -beamwidth, main lobe gain of 15 dB, and side lobe gain of 0 dB. While the BS antenna beams are fixed, it is assumed that the antenna beams at the SSs are electronically steered to point at the direction of serving BSs. The channel model consists of an exponential path loss model with an exponent (n) of 3.5, lognormal shadowing with a standard deviation (σ) of 8, and flat Rayleigh fading. Shadowing samples are spatially correlated with 0.5 correlation coefficient for 1 m displacement. Rayleigh fading samples are temporally correlated using rounded (bell-shaped) Doppler spectrum with a 3-dB frequency of 2 Hz [7] . The Rayleigh fading samples of a user from different BSs are mutually independent.
A frequency reuse plan of 1/6 is employed such that the total spectrum is divided into 6 equal sub-bands allocated to the 6 sectors of each cell. The whole spectrum is reused every cell. This tight frequency reuse plan can be used since directional beams are employed at both BS and SS. A total bandwidth of 36 MHz is partitioned into 6 equal sub bands so that each sector is allocated a 6 MHz channel.
Time is divided into frames with 10 ms frame duration and 8 slots per frame in a TDMA fashion. 11 combinations of coding-modulation levels using Bit-Interleaved Coded Modulation (BICM) [8] are utilized to adapt the transmission rate to the channel conditions and interference variation. Table- I lists these 11 coding-modulation combinations associated with their spectral efficiency and signal to interference and noise ratio (SINR) requirements at 10 -6 BER. Power level, coding rate and modulation level are updated once per frame.
This work focuses on the downlink performance since it is the limiting factor in many multimedia services that show asymmetrical behavior. Fixed users are considered here. However, the proposed algorithm can be used by nomadic/mobile users. The transmitted power has a 20 dB dynamic range and a maximum value (p max ) of 30 dBm. A continuous transmission is assumed, which corresponds to stream-mode services or aggregate traffic of several sources in a LAN. It is assumed that users are uniformly distributed and are assigned to the best serving BS. Fig. 1 , SPC-ALP algorithm defines three modes for users: Passive, Standard, and Transition. In the Passive mode, users do not transmit so the power level is zero. In the Standard mode, users update their power according to (1) [1] provided that the transmission rate is not increasing.
where p(n) is the power level at iteration n, γ (n) is the SINR of the coding-modulation level (k), γ k is the target SINR of coding-modulation level (k),and χ is the indicator function.
The transition mode is utilized by new users trying to join the set of active users or active users seeking higher transmission rates. Power is updated in the transition mode as follows [1] .
Users who fail in achieving the minimum transmission rate are switched to the Passive mode with probability p 1 , while users in the Passive mode are switched to the Transition mode with probability p 2 . In SPC-ALP, both p 1 and p 2 are constant and do not depend on the signal quality. The main objectives of this work are the following:
1-Extending the scope of SPC-ALP algorithm (proposed for rate selection and power control in CDMA systems) to TDMA/TDM systems by controlling the transmission rate using adaptive coding and modulation. 2-Enhancing the signal quality performance by including the assistance mode and the signal quality-based removal policy. 3-Analyzing the algorithm under realistic and dynamic conditions rather than the static condition assumed in [1] . 4-Studying the impact of channel reallocation on the performance of SPC-ALP and the proposed algorithm (SPC-ALP-ASQR).
As shown in Fig. 2 , the proposed algorithm (SPC-ALP-ASQR) has a fourth mode, Assistant mode, in addition to the other three modes proposed in SPC-ALP. When a user is found to be unable to achieve the signal to interference ratio of the minimum transmission rate (lowest coding-modulation level) even with the highest power level, it is switched to the Assistance mode rather than the Passive mode. In this mode, the BS of the assisted user sends a request to the BSs of the cochannel interferers in the surrounding cells to lower their transmission power by moving to a lower coding-modulation level. The assisted users keep sending using the lowest codingmodulation level (k=1) with the maximum power level (p max ). By doing so, the interference level at the assisted user will be significantly less. The assisting users update their power, modulation and coding combination as follows 
where offset is equal to the difference between the minimum SINR and the achieved SINR at iteration n for the assisted user, and α (<1) is a constant used to control the power reduction of assisting users to protect them from sacrificing their signal quality while trying to assist other users. For instance, if α=0.33 this ensures that the power reduction for the assisting users does not exceed 33% of the current power level. Accordingly, the coding-modulation level (k) of the assisting users is chosen by assuming that the SINR will drop by the same ratio of the power reduction. This assumption is pessimistic and gives a lower bound for the SINR of the assisting user. This is because the reduction in the signal power of the assisting users is associated with some reduction in the interference level since other cocochannel interferers except the assisted users are going to lower their transmit power. Thus, k is given by
where ∆p is the power reduction. If the assisted user is still unable to achieve the minimum SINR target even after the assistance, then it will be switched to the Passive mode with probability f 1 . Users are switched from the Passive mode to the transition mode with probability f 2 . Unlike p 1 and p 2 in SPC-ALP, both f 1 and f 2 are functions of the SINR as follows , ) ( , 1 max
where β 1 and β 2 are constants and γ est (n) is the estimated SINR of the temporarily removed users. In (6), γ est (n) is used since users in the passive mode are off and their actual SINR is zero. It is worth noting that (6) is used to determine the probability of turning removed (off) user to on. Hence, (6) is applied only for removed users who have γ est (n)>γ
where g is the channel gain between the removed user and its BS (including the antenna gain, path loss, shadowing and fading), N is the average noise power, and I j is the interference from the cochannel interferer in cell j. Since the removed user does not transmit, the maximum transmit power (p max ) is used in the estimation of the signal to interference and noise ratio γ est (n) to ensure that the removed user can achieve the minimum SINR with a feasible power (p max in the worst case). Channel reallocation is employed to enhance the system performance. Users in outage (fail in achieving the minimum coding-modulation level even with the maximum power) are moved to new channels instead of switching them to the passive mode. Idle channels are sorted according to the interference level. When a user is in outage (even after the assistance of the cochannel interferers in case of the SPC-ALP-ASQR) is assigned the new channel having the lowest interference. If there is no available channel users in outage are switched to the passive mode.
IV. RESULTS
The system performance of both algorithms (SPC-ALP and SPC-ALP-ASQR) has been analyzed by computer simulation using a broadband wireless network simulation tool [9] . 9 cells with a wraparound grid are used in the simulation. β 1 and β 2 are chosen experimentally to be equal to 0.7 and 0.5 respectively. In order to analyze the system performance, the following performance metrics are utilized. Users seeking higher rate
Users achieved higher rate
New and off-to-on users with probability p2
Transition Mode
Standard Mode 1-The average total throughput per Hz per user is defined as the average coding-modulation spectral efficiency of all users (active and removed), in other words, it is the average transmission rate of all users divided by the channel bandwidth. More importantly as a performance measure is the net throughput per Hz per user since it evaluates the total useful throughput. Hence, it is defined as the total throughput (per user per Hz) after excluding the erroneous frames.
2-Outage probability (P out ) is defined as
P out is the probability that a BS is not able to find a feasible power allocation to achieve the minimum SINR target.
3-Frame Error Rate (FER) is defined as the probability that a user is allocated a certain power level, coding-modulation level, but the achieved SINR turned out to be less than the corresponding target SINR. Hence, FER is given by { }.
Figs. 3-6 plot the four performance measure discussed above versus the system loading defined as the total number of users divided by the number of channels for both algorithms (SPC-ALP and SPC-ALP-ASQR).
The total throughput per user per Hz is depicted in Fig.3 . It is apparent that the channel reallocation enhances the total throughput especially with SPC-ALP. This is because channel reallocation reduces the number of user switched to the passive modes. The total throughput of the proposed algorithm is less than that of SPC-ALP since the assistance mode of the proposed algorithm reduces the transmission rate of some users. It is also worth noting that the throughput enhancement due to the channel reallocation is decreasing with the loading increasing since the availability of good channels (with low interference level) decreases with the system loading increasing. Fig. 4 shows the net throughput per user per Hz. The channel reallocation enhances the net throughput of SPC-ALP by 25-35% and from 0% to 7% with SPC-ALP-ASQR. Without channel reallocation, the net throughput of SPC-ALP-ASQR is higher than that of SPC-ALP by 20%. With channel reallocation, the net throughput of both algorithms is almost the same at light * loading and slightly better with SPC-ALP at medium to heavy loading.
The outage probability is plotted in Fig. 5 . The proposed algorithm reduces the outage probability significantly for both cases (with and without channel reallocation). Without channel reallocation, SPC-ALP-ASQR reduces the outage probability by 70-80% compared with SPC-ALP. With channel reallocation, both algorithms perform well (almost no outage) at light loading. At medium to heavy loading, the reduction in * Light, medium and heavy loading are defined as loading ratios of less than 30%, 30%-70%, and higher than 70% respectively. the outage probability of SPC-ALP-ASQR ranges from 50% to 70%. It is evident that a significant reduction of the outage probability is achievable using channel reallocation especially for SPC-ALP.
Finally, the Frame Error Rate (FER) is depicted in Fig. 6 . Without channel reallocation, SPC-ALP-ASQR can decrease the FER by 60% compared with that of SPC-ALP. With channel reallocation, SPC-ALP-ASQR still outperforms SPC-ALP but with a less reduction ratio. Although channel reallocation reduces the FER by 25-50% for SPC-ALP, channel reallocation causes a slight increase in FER for SPC-ALP-ASQR particularly at medium to heavy loading.
V. CONCLUSIONS
A joint adaptive transmission rate selection and power control algorithm (SPC-ALP-ASQR) has been developed for TDM/TDMA broadband wireless networks by modifying and enhancing SPC-ALP algorithm using adaptive coding and modulation, cochannel-interferer assistance, and signal quality removal. Also, channel reallocation has been investigated. It is shown that SPC-ALP with channel reallocation can achieve the highest throughput. However, the proposed algorithm (SPC-ALP-ASQR) is more robust and outperforms SPC-ALP in terms of the outage probability and frame error rate at the expense of a slight reduction of the net throughput. It is also shown that channel reallocation is less effective with SPC-ALP-ASQR than with SPC-ALP particularly at high loading values. 
